We have performed first-principles total-energy calculations for vacancy-formation energies in six bcc (V, Cr, Nb, Mo, Ta, W) and six fcc (Ni, Cu, Pd, Ag, Pt, Au) transition metals within the local-density approximation of the density-functional theory. The calculations are done using the full-potential linear-mufBn-tin-orbital method employing the supercell technique. The calculated vacancy-formation energies are in good agreement with experiments especially for the fcc metals, but in the case of V and Cr the calculated values are significantly larger than the experimental ones.
I. INTRODUCTION
The knowledge of the properties of vacancies is necessary for understanding the thermodynamic and kinetic behavior of metals. The most important quantity is the vacancy-formation energy Ef, which determines the equilibrium vacancy concentration and contributes to the self-diffusion coeFicient in the monovacancy mechanism, which is the main diffusion process in close-packed metals as well as in the bcc iron. The activation energy for self-difFusion Q"' is the sum of the vacancy-formation energy Ef and of the migration energy of the vacancy E . Experimentally the vacancy properties are very d.ifficult to obtain, because very pure samples and a small concentration of thermal vacancies are required for reliable results. The theoretical approach is not easy either. While the properties of perfect crystals are obtained from standard erst-principles density-functional calculations, the calculations for point defects are much more dificult because of the loss of translational symmetry. This problem is usually solved by using either supercell or Green'sfunction methods. For vacancies in simple metals, there have been several calculations.
However, in the case of transition metals, for which pseudopotential methods are dificult to apply, calculations of vacancy properties are much more scarce.
For the transition metals, there exists experimental vacancy-formation energies ' to compare with and thereby one can get an idea about the importance of different approximations used in the calculations. Especially interesting are the effects due to the local-density approximation (LDA) for the electron exchange and correlation energy. The vacancy-formation energy suits this purpose very well, because one need. not calculate the energy of an isolated atom, which is a source of error when comparing the experimental and theoretical cohesive energies. When calculating vacancy-formation energy, there is no core electron energy problem because of the cancellation of errors, and in a metal the basic concept of an electron gas is better satisfied than is the case for an atom. Actually, in our calculations, the LDA is expected to be the most severe approximation. This is because we can control the errors due to the numerical approximations. Also, the errors due to the omission of the lattice relaxation of the atoms neighboring the vacancies are only of the order of one-tenth of an eV, ' ' and thus are about one order in magnitude smaller than the typical LDA errors in binding energies. When studied along the rows of the Periodic Table   (see Table III In metals, where the coordination is larger and bonding is more isotropic, the bond strength is approximately proportional to the square root of the coordination number. ' In the second-moment approximation of the tight-binding model, the energy per atom is a function of the local coordination number of the atom, E(C) = Ep -Av C + BC, (2) where the attractive square root term takes into account the bond strength saturation and the last term is a weak repulsive term. ' The parameters Eo) Ay and B can be obtained from least-squares fits of calculated total energies of systems having diferent local coordinations. In the case of the fcc lattice Eq. (2) is easy to apply, but for the bcc lattice one encounters the problem of how to treat the next-nearest-neighbor distances, which are only slightly longer than the nearest-neighbor distances.
We have applied the tight-binding model (2) 
